The EID1-like protein 3 (EDL3) shows high similarity to EID1 (Empfindlicher im dunkelroten Licht 1), an F-box protein that functions as a negative regulator in the signalling cascade downstream of the phytochrome A photoreceptor in Arabidopsis thaliana. Analyses revealed a strong and rapid induction of EDL3 gene expression under osmotic stress, high salinity, and upon abscisic acid (ABA) application. Therefore, it was speculated that EDL3 is involved in the regulation of responses controlled by this plant hormone, which not only regulates many aspects of plant development but also integrates responses towards temperature, drought, osmotic, and salt stresses. Physiological data obtained with over-expresser lines and a conditional knock-down mutant demonstrated that EDL3 functions as a positive regulator in ABA-dependent signalling cascades that control seed germination, root growth, greening of etiolated seedlings, and transition to flowering. Results further demonstrate that EDL3 regulates anthocyanin accumulation under drought stress. The observed effects on physiological responses fit to tissue-specific expression patterns obtained with EDL3-promoter:GUS lines. Bimolecular Fluorescence Complementation assays and yeast two-hybrid analyses showed that EDL3 carries a functional F-box domain. Thus, the protein is presumed to act as a component of a ubiquitin ligase complex that specifically directs negatively acting factors in ABA signalling to degradation via the proteasome.
Introduction
The plant hormone abscisic acid (ABA) plays an important role in numerous aspects of plant growth and development, including embryo maturation, seed dormancy, post-germinative growth, and leaf senescence. ABA also integrates and regulates plant response towards drought, cold, salt, and osmotic stresses. The plant hormone functions through a complex network of signalling pathways that starts from different receptors and includes protein kinases, phosphatases, RNA modifying proteins, and transcription factors (Finkelstein et al., 2002; Christmann et al., 2006; Pandey et al., 2009; Raghavendra et al., 2010; Umezawa et al., 2010; Hubbard et al., 2010) . These transcription factors are most likely responsible for the regulation of transcriptional cascades that trigger the complex expression pattern of genes responding to ABA and osmotic, salt, or drought stresses (Shinozaki et al., 2003; Nakashima et al., 2006) .
Signalling includes not only transcriptional and translational control, but also control at the protein level. Eukaryotes use ubiquitin as a polypeptide marker to target proteins for degradation through the 26S proteasome.
Polyubiquitination is catalysed by E3 proteins that specifically interact with activated E2-ubiquitin conjugates and with target proteins. Higher eukaryotes have evolved with several classes of E3 proteins. Among these, the SCF protein complexes (for SKP1-CULLIN1-F-box protein) are essential to the post-translational regulation of many important factors involved in signal transduction (Craig and Tyers, 1999; Deshaies, 1999; Weissman, 2001; Lechner et al., 2006) . CULLIN1 together with the RBX (RING box) proteins are essential for the interaction with E2-ubiquitin conjugates. CULLIN1 also interacts with SKP1 homologous proteins (for S-phase kinase associated protein 1), which link the so-called F-box domain proteins to the core complex. F-box proteins are compositionally complex and varied in their structural composition outside the F-box domain. They are present in high numbers within the genomes in all the eukaryotic organisms analysed and are thought to be responsible for the specific interaction between SCF E3 ligase complexes and target proteins (Craig and Tyers, 1999; Deshaies, 1999; Weissman, 2001; Lechner et al., 2006) . Several F-box proteins have been characterized that play important roles during all phases of plant development and in diverse signalling cascades, including that of the plant hormones ethylene, gibberellic acid, jasmonate, and auxin (Lechner et al., 2006; Mockaitis and Estelle, 2008; McClellan and Chang, 2008; Fonseca et al., 2009; Schwechheimer and Willige, 2009) .
EID1 is an F-box protein that functions as a negative regulator in the signalling cascade downstream of the phytochrome A photoreceptor (Buche et al., 2000; Dieterle et al., 2001; Zhou et al., 2002; Marrocco et al., 2006) . The Arabidopsis genome contains three genes with similarities to EID1 that have been named EDL1 (At5g15440), EDL2 (At5g39360), and EDL3 (At3g63070) for EID1-like protein 1 to 3 (Marrocco et al., 2006) . Aside from the putative F-box domain, the EDL proteins carry a conserved protein motif that might serve as a novel protein-protein interaction domain. Arabidopsis EDL3 shows a very high similarity to ZGT (zhong guang tiaokong¼clock and light controlled) from tobacco, which is thought to function as a coupling agent between the central circadian oscillator and rhythmic expression of Chlorophyll-A/B-Binding Proteins (Xu and Johnson, 2001) . Our results about the functional characterization of EDL3 are presented here. Interaction studies with Arabidopsis Skp1-like proteins (ASKs) and physiological experiments strongly indicate that ELD3 is a component of an SCF ubiquitin ligase complex that plays an important role in ABA signalling and in the regulation of floral transition in Arabidopsis.
Materials and methods

RNA isolation and RNA blot analysis
Seeds were sown on four layers of filter paper circles soaked with 4.5 ml distilled water and were incubated at 6°C in darkness for 2 d. Seedlings were grown on moist filter paper under light/dark cycles consisting of 12 h white light and 12 h darkness (Sanyo MLR-351 growth chambers; Sanyo Electric, Osaka, Japan). After 4 d of growth at 23°C, the upper layer of filter paper was transferred to new Petri dishes containing three layers of filter paper supplemented with 3.5 ml distilled water or solutions with 5 lM ABA (Sigma, Munich, Germany), 450 mM mannitol, or 150 mM NaCl. Samples were supplemented with 1 ml of the appropriate solutions that were equally dispersed on the filter paper. Seedlings were removed from the filter paper with a scalpel at the indicated time points, collected into two 1.5 ml tubes filled with seven glass beads of 1.7-2 mm (Roth, Karlsruhe, Germany), and immediately frozen in liquid nitrogen. If necessary, samples were stored at -70°C. To grind the material, tubes were frozen in liquid nitrogen and shaken twice for 10 s each in a Silamat S5 shaker (Ivoclar Vivadent, Ellwangen, Germany). Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Ground material was extracted using Buffer RLT (RNeasy lysis buffer with guanidinium isothiocyanate) and samples were treated with DNaseI according to the manufacturer's specifications (Qiagen). RNA blot experiments were done as described by Zhou et al. (2002) .
Quantitative Real-Time Polymerase Chain Reaction Superscript III Reverse Transcriptase was used with a dT 20 -Oligomer and 500 ng of total RNA for cDNA synthesis according to the manufacturer's instructions (Invitrogen, Karlsruhe, Germany). Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was carried out in 96-well format using a 7300 RealTime PCR System and TaqMan probes (Applied Biosystems, USA). PCR reactions were performed using the ABsolute QPCR Rox Mix Kit following the manufacturer's instructions (ThermoScientific, Hamburg, Germany). TaqMan probes and primer pairs for each marker gene (see Supplementary Table S1 at JXB online) were designed using Primer Express Version 3.0 (Applied Biosystems). qGene software (http://www.gene-quantification.info) was used to calculate optimized standard curves and optimal CT-values from raw data for the different samples. CT-values from individual marker genes were further normalized to CT-values obtained for the constitutively expressed ACTIN1 transcripts, which served as an endogenous control for the efficiency of qRT-PCR. All the results presented were based on three biological replicates that were measured in triplicate. For semi-quantitative reverse-transcription PCR, cycle numbers were adapted to the amount of transcript present in the samples and agarose gels were stained with SYBR green (Invitrogen). The gels shown are representative of two experiments with independent RNA isolations.
Cloning of EDL3 constructs and plant transformation
A full-length EDL3 cDNA clone (RAFL08-11-G23; RIKEN BioResource Center, Japan; (Seki et al., 2002) was used as a template to create modified versions of the coding sequences with and without a stop codon in the pENTR1A Gateway vector (Invitrogen). Mutations were introduced by Polymerase Chain Reaction (PCR) using the primers listed in Supplementary Table  S1 at JXB online. The modified fragment with stop codon was cloned behind a 35S promoter in a modified pPCVB T-DNA vector (Dieterle et al., 2001) to produce Arabidopsis over-expresser lines and into the pGBKT7 vector (Invitrogen) to perform yeast two-hybrid interaction assays. The modified fragment without stop codon was cloned into plasmids for Bimolecular Fluorescence Complementation assays (Stolpe et al., 2005) . A 1141 bp fragment of the EDL3 promoter was amplified from genomic DNA by PCR (see Supplementary Table S1 at JXB online) and cloned into the AvrII/BamHI sites of pLITMUS28 (New England Biolabs, Ipswich, USA) for sequencing. The promoter fragment was transferred into the KpnI/EcoRV sites of the pENTR1A Gateway vector (Invitrogen) and, finally, introduced in front of a GUS:GFP reporter cassette in the pBGWFS7.0 plant transformation vector (Karimi et al., 2002) . Arabidopsis transformation was done using the floral dip method (Clough and Bent, 1998) . Plants exhibiting a 3:1 segregation ratio for the Basta selection marker were used to isolate homozygous lines.
Isolation of the T-DNA line T-DNA insertion sites in the SALK_033705 T-DNA line (Alonso et al., 2003) were amplified by PCR using oligonucleotide combinations ELP3_Salk_5'/ROK2_RB1 for the right and ELD3_Salk_3'/LBb1 for the left border sequences (see Supplementary Table S1 at JXB online). Amplified fragments were cloned into pTOPO-TA vectors (Invitrogen) for sequencing. The mutant line was backcrossed twice with the Col wild type prior to phenotypic analysis.
Determination of GUS reporter gene activity GUS assays were performed as described by Kretsch et al. (1995) . Four-day-old seedlings were transferred to new filter papers supplemented with ABA, mannitol, NaCl, or water as described above (see RNA isolation and RNA blot analyses) and harvested after 6 h treatments. Tissue-specific GUS expression during Arabidopsis development was analysed in plants grown on soil under 16/8 h light/dark cycles. To analyse the effect of ABA and drought stress on reporter gene expression in rosette leaves, plants were grown on soil in a phytochamber under 12/12 h light/dark cycles for 3 weeks before they were either watered with 5 ml distilled water or 5 ml of 25 lM ABA at the middle of the light phase for 1 week. To apply drought stress, samples were kept dry until leaves started to wilt (;1 week). After the removal of chlorophyll, the plant material was spread on water agar and photographed together with a size standard using a Zeiss Stemi SV6 binocular microscope supplemented with a Zeiss AxioCam MRc 5 digital camera (Zeiss, Oberkochen, Germany).
Determination of germination rates
To determine germination rates, seeds were sown on four layers of filter paper (80 mm diameter) soaked with 4.5 ml distilled water or distilled water supplemented with various concentrations of ABA and were kept at 6°C in darkness for 2 d. Germination was induced with 8 h of red light and samples were transferred back to darkness at 25°C for 4 d. The number of germinated and nongerminated seeds was counted under a magnifying glass. Seeds were regarded as being germinated when the radicle ruptured the testa and endosperm.
Determination of root length
For root growth measurements, seeds were sown on four layers of filter paper (80 mm diameter) soaked with 4.5 ml distilled water and were incubated at 6°C in darkness for 2 d. Seedlings were grown on moist filter paper under continuous white light at 23°C for 2 d, at which time the upper layer of filter paper was transferred to new Petri dishes containing three layers of filter paper supplemented with 3.5 ml of distilled water or solutions with various concentrations of ABA. Samples were then supplemented with 1 ml of water or ABA solutions that were equally dispersed on top of the seedlings. After two additional days, seedlings were spread on water agar and photographed together with a size standard using a Zeiss Stemi SV6 binocular microscope supplemented with a Zeiss AxioCam MRc 5 digital camera (Zeiss). Root lengths were measured using ImageJ software (rsb.info.nih.gov/ij/) as described by Kretsch (2010) . Relative root length was calculated according to the water control.
Determination of chlorophyll content
Sowing and stratification were done on four layers of filter papers as described above. Germination was induced by 4 h of red light (39 lmol m À2 s À1 ). To analyse the influence of ABA on chlorophyll accumulation, seedlings were grown in darkness for 3 d. The upper layer of filter paper was then transferred to new Petri dishes containing water or various concentrations of ABA under green safe light and samples were kept in the dark for one additional day. Seedlings were exposed to continuous red light for 6 h to enable chlorophyll accumulation. Chlorophyll was extracted with dimethylformamide at 6°C in darkness overnight. Chlorophyll was determined spectroscopically, and chlorophyll content was calculated with respect to fresh weight (Kretsch, 2010) . Data represent the mean of at least six independent replicates.
Determination of anthocyanin accumulation
For experiments under conditions of water limitation, seeds were sown on a mixture of potting soil and vermiculite (2:1 v/v) in baskets of the ARASYSTEM (BETATECH, www.arasystem.com) and transferred to darkness at 6°C for 3 d to complete stratification. Plants were grown at 23°C in a 12/12 h light/dark regime in a phytochamber and were kept humid for 12 d before the cessation of watering. Baskets were removed from their plastic containment at day 14 to increase water evaporation. To reach water limitation under standardized conditions, samples were watered only once a day with 5 ml of water either at the beginning or end of the light phase. Control plants received one dose of water at dusk and dawn. The two youngest rosette leaves from each plant were harvested together at the onset of flowering, frozen in liquid nitrogen, and kept at -70°C until anthocyanin extraction. Anthocyanin content was determined spectroscopically (Kretsch, 2010) .
Determination of flowering times
To determine flowering times, seeds were sown on a mixture of potting soil and vermiculite (3:1 v/v) in baskets of the ARASYS-TEM (BETATECH) and transferred to 6°C for 3 d to complete stratification. Plants were grown at 23°C in a phytochamber under different light/dark cycles. To analyse the influence of ABA on flowering induction, plants were grown under a 12/12 h light/dark cycle for 2 weeks before they were watered with either 5 ml of distilled water or 5 ml of distilled water supplemented with 25 lM ABA at the middle of the light phase for one week. After treatment, plants were kept humid until the onset of flowering. Flowering time is presented as the sum of rosette leaves and cauline leaves at the main stem.
Protein-protein interaction assays
Yeast two-hybrid interaction and BiFC assays were done as described elsewhere (Stolpe et al., 2005; Marrocco et al., 2006) .
Statistical analysis
One way ANOVA was done by the Holm-Sidak method for samples drawn from normally distributed populations with the same standard deviations or by the Kruskal-Wallis test on ranks for non-normal populations using the SIGMASTAT 3.1 statistical tool (Sigma, Munich, Germany).
Results
EDL3 transcript accumulation induced by osmotic stress, high salinity, and upon ABA application Analysis of publically available databases revealed a strong and rapid induction of EDL3 transcript accumulation under osmotic stress, high salinity, and upon ABA application (see Supplementary Fig. S1 at JXB online). These results were verified by qRT-PCR experiments using RNA samples from 4-d-old seedlings grown under continuous white light with either water or treated with 5 lM ABA, 450 mM mannitol, or 150 mM NaCl. These treatments induced a ;30-80-fold increase in EDL3 transcript levels compared with the untreated water controls at 2 h (Fig. 1A) . The kinetics of ABA-induced EDL3 transcript accumulation was analysed in greater detail using 4-d-old seedlings. EDL3 seems to sensitively respond to even weak stresses, as the transfer of seedlings to a new plate caused a ;4-fold increase in transcript levels at 90 min (Fig. 1B) . Wild-type (Col-0) plants exhibited a strong, rapid, and transient increase in EDL3 transcripts upon ABA treatment, with maximum levels (;130-fold induction) reached after 45 min (Fig. 1B) .
EDL3 promoter activity induced by osmotic stress, drought stress, high salinity, and ABA EDL3 transcript levels were up-regulated upon ABA treatment, under osmotic stress, or at high salinity ( Fig. 1 ; see Supplementary Fig. S1 at JXB online). Comparable results were obtained with 4-d-old seedlings that had been transformed with a Pro EDL3 :GUS construct. In control plants, the reporter gene activity remained restricted to the tip of growing roots, the vascular bundle of primary roots, and the vascular tissues in cotyledons ( Fig. 2A) . ABA treatment mainly induced a strong increase in GUS staining in the radicle and the basal part of the hypocotyl, whereas cotyledons only exhibited a weak response outside of the vascular bundles. Osmotic and salt stresses strongly enhanced EDL3 promoter activity in nearly all seedling tissues ( Fig. 2A) .
EDL3 promoter activity was also analysed in rosette leaves of adult plants. A patchy GUS staining pattern was detected in control plants, in a few cells associated with minor veins of the leaf (Fig. 2B) . Treatment of adult plants with ABA enhanced reporter gene expression in rosette leaves and led to a strong, homogeneous GUS signal within minor veins. Reporter gene expression was further analysed in plants that were kept under dry conditions until rosette leaves started to wilt. Drought stress generated a strong increase in GUS staining around minor veins, at the major vein, and in cells of the leaf blade adjacent to the veins (Fig. 2B) .
Transgenic Pro ELD3 :GUS lines were also used to follow EDL3 expression patterns during Arabidopsis development. GUS activity was detectable in the root tip of germinating seeds (Fig. 2C ). Strong EDL3 promoter activity was also prominent at the earliest stages of lateral root formation. At later stages, GUS staining was restricted to the meristem and elongation zone of growing roots, but was absent in the root tip ( Fig. 2D-F) . GUS staining was also seen in stipules at the base of leaf petioles, in young floral buds, in anthers at later stages of flower development, and in the abscission zone of floral leaves at the beginning of flower senescence (see Supplementary Fig. S2 at JXB online).
Characterization of T-DNA insertion and EDL3 over-expresser lines
The function of EDL3 in Arabidopsis plants was investigated through the isolation of homozygous T-DNA insertion and over-expresser lines. Among the six tested T-DNA lines with proposed insertions in the single EDL3 exon, only the SALK_033705 line could be verified and propagated to obtain homozygous plants. The respective line was named edl3-1. Sequencing of T-DNA border Normalized expression values were then used to calculate fold induction with respect to untreated wild-type samples for which values were set to 1. Data represent the mean of three independent biological replicates 6SE. (A) Expression profiles of EDL3 in response to osmotic stress, high salinity, and ABA application. Seedlings were grown on moist filter paper under continuous white light for 4 d and then transferred to distilled water (control), 5 lM ABA, 450 mM mannitol, or 150 mM NaCl for 2 h before harvesting. (B) Temporal pattern of EDL3 transcript accumulation upon ABA treatment. After stratification seedlings were grown under a 12/12 h light/dark cycle for 4 d. Plants were transferred to new plates containing distilled water or 5 lM ABA at the onset of the light phase at the beginning of day 5. Samples were harvested at indicated time.
regions revealed that the integration event created a duplication of a small part of the gene and positioned the 35S promoter of the introduced DNA fragment about 900 bp upstream of the ATG codon normally coding for Met12 inside the protein (see Supplementary Fig. S3 at JXB online). Quantitative RT-PCR analyses demonstrated that the EDL3 transcript levels in edl3-1 plants were ;14-times higher in the water control compared with the wild type, but remained unaltered upon application of ABA or treatment with high concentrations of mannitol and salt (Fig. 1A, B) . These findings indicate that the accumulation of the artificial EDL3 transcript in the edl3-1 T-DNA line is under the control of the introduced 35S promoter. Furthermore, it is important to mention that the edl3-1 line behaves as a weak over-expresser under normal growth conditions, but as a conditional knock-down mutant under drought stress, high salinity, and ABA treatments that otherwise induced EDL3 transcripts by ;10-fold in the wild type compared with the T-DNA line (Fig. 1A, B) .
To create homozygous EDL3 over-expresser lines, the EDL3 coding region was cloned behind a 35S promoter (see Supplementary Fig. S3 at JXB online) and the construct was introduced into wild-type plants. Both homozygous over-expresser lines analysed exhibited a strong, constitutively enhanced EDL3 transcript accumulation independent of exogenously applied ABA, mannitol or salt (Fig. 1A, B) .
Transcript levels were increased ;200-fold and ;5000-fold compared with the untreated wild-type control in EDL3 ox6 and EDL3 ox16, respectively (Fig. 1A ).
EDL3 involvement in the ABA-dependent regulation of germination induction
Because EDL3 transcript accumulation was strongly upregulated by ABA, the involvement of EDL3 in downstream ABA signalling cascades was investigated through the analysis of the induction of seed germination. Germination of wild-type seeds was reduced at concentrations above 50 nM ABA and nearly completely blocked at 300 nM ABA (Fig. 3A) . Germination rates of edl3-1 seeds were always greater than those of the wild type for all ABA concentrations tested, indicative of a reduced ABA sensitivity. By contrast, ABA sensitivity was clearly enhanced in both overexpresser lines. Consistent with the observed differences in transcript accumulation, EDL3 ox16 seeds exhibited a stronger inhibition of germination compared to EDL3 ox6.
EDL3 involvement in ABA-dependent chlorophyll accumulation during seedling de-etiolation
In order to test for the involvement of ABA and EDL3 in greening, 3-d-old, etiolated seedlings were pre-treated with various concentrations of ABA for 24 h in darkness before transfer to continuous red light for 6 h. Unexpectedly, ABA pre-treatment stimulated chlorophyll accumulation during red-light-induced greening of dark-grown seedlings in a dose-dependent manner (Fig. 3B) . Compared with the wild type, only slightly reduced chlorophyll levels were found in edl3-1 in the water control and upon ABA treatments at 6 h of irradiation. Both EDL3 over-expresser lines exhibited significantly enhanced chlorophyll contents in the water control, with levels similar to wild-type seedlings pre-treated with 50 lM ABA. The application of ABA did not further enhance chlorophyll accumulation in the over-expresser lines, indicating that increased levels of EDL3 caused a constitutive ABA response (Fig. 3B) .
ABA-dependent ABI1 transcript accumulation
ABI1 plays a central role as negative regulator in ABA signalling together with additional Type 2C protein phosphatases (Umezawa et al., 2010) . To analyse the involvement of EDL3 in ABI1 transcript accumulation, seedlings were grown under continuous white light on filter papers supplemented with distilled water for 4 d and then transferred to new dishes containing with either distilled water or 100 lM ABA for 3 h. ABI1 transcript levels were slightly enhanced in the wild type and edl3-1 compared with the EDL3 overexpressers in the controls (Fig. 3C) . ABA treatment caused a strong increase in ABI1 transcript accumulation in wildtype seedlings. Compared with the wild type, edl3-1 accumulated higher ABI1 transcript levels upon ABA-treatment, whereas ABI1 gene expression was reduced in the strong EDL3 ox16 over-expresser line. EDL3 ox6 seedlings did not exhibit a clear reduction in ABA-induced ABI1 transcript accumulation compared with the wild type (Fig. 3C ).
EDL3 involvement in ABA-dependent inhibition of root growth
Inhibition of root growth is another well-established physiological response that is influenced by ABA (Nambara et al., 2000; Finkelstein et al., 2002; Lopez-Molina et al., 2002) . To determine root growth, seedlings were grown on filter papers supplemented with distilled water for 2 d and then transferred to new dishes containing variable concentrations of ABA for two additional days. Increasing concentrations of ABA caused a reduction in root growth in wild-type seedlings (Fig. 4A, B) . Whereas ABA sensitivity is slightly reduced in the T-DNA line, both EDL3 over-expresser lines exhibited an increased sensitivity compared with the wild Fig. 3 . Germination, greening of etiolated seedlings, and ABI1 transcript accumulation upon ABA application. (A) Seeds of wildtype, edl3-1, and EDL3 over-expressing lines were sown on four layers of moist filter papers containing variable concentrations of ABA and incubated at 6°C for 2 d in darkness for stratification. Samples were irradiated with continuous red light for 8 h for germination induction and were then transferred back to darkness for 4 d. The number of germinated seeds was counted. The results are expressed as percentage of the total amount of seeds plated. Each data point represents the mean of 5-7 independent experiments 6SE. (B) After germination induction, seedlings were grown on moist filter papers in darkness for 3 d. The upper filter paper was then transferred to new layers of filter papers supplemented with the indicated concentrations of ABA under green safe light. After one additional day in darkness, seedlings were exposed to continuous red light for 6 h. Data presented as mean 6SE of 8 independent biological replicates. (*) Significant difference compared with the water control of the respective genotype; +, significant difference to wild-type control (one way ANOVA; P <0.05). (C) To determine ABA-induced ABI1 transcript accumulation, seedlings were grown for 4 d under continuous white light before transfer to new layers of filter papers supplemented with distilled water or 100 lM ABA for 3 h. Results of experiments were normalized according to the constitutively expressed ACTIN1 (AT2G37620) gene. Data represent the mean of three independent biological replicates 6SE.
type. Again, the EDL3 ox16 over-expresser line was slightly more sensitive to ABA than EDL3 ox6 (Fig. 4A, B) .
Anthocyanin accumulation under drought stress conditions in wild-type, edl3-1 T-DNA insertion, and EDL3 over-expresser lines Drought stress caused the accumulation of anthocyanin in rosette leaves of Arabidopsis wild-type plants (Fig. 5A) . Compared with the wild type, edl3-1 accumulated much higher amounts of anthocyanin, whereas EDL3 overexpresser lines did not exhibit strong accumulation of the purple pigment under conditions of water limitation. In order to quantify anthocyanin accumulation under standardized water-stress conditions, plants received a minimum volume of water either at the beginning or before the end of the daily 12 h light phase. Control plants were watered twice a day, at dusk and dawn. Limitation of water supply led to a significant increase of anthocyanin accumulation in the two youngest rosette leaves in the wild type (Fig. 5B) . Stronger effects were obtained with plants that were watered only in the morning and, thus, were exposed to an increased water deficit through the night, when humidity is expected to be high. The edl3-1 knock-down line did not exhibit significant differences in anthocyanin accumulation in control treatment, but accumulated much higher levels of the pigment under drought-stress conditions. Both overexpresser lines accumulated reduced levels of anthocyanin in well-watered control plants. Exposure to drought stress induced only modest accumulation of the pigment compared with both edl3-1 and the wild type. In good agreement with the differences obtained in EDL3 transcript Anthocyanin accumulation under drought-stress conditions in wild-type, edl3-1 T-DNA insertion, and EDL3 overexpresser lines. Plants were watered twice a day with 5 ml (morning+evening) or once a day immediately after the start (morning) or before the end (evening) of the 12 h light-phase. (A) Phenotype of adult plants under drought-stress conditions. Plants were watered once a day in the morning. Pictures were taken immediately before budding of major stems. (B) Anthocyanin content in rosette leaves under drought-stress conditions. Anthocyanin was extracted from the two youngest leaves at the start of flowering. Data presented as mean 6SE. (*) Significant difference compared with the unstressed control of the respective genotype; +, significant difference to the wild type within each treatment group treated (one way ANOVA; P <0.05) levels, the ox6 line exhibited a weaker reduction compared with ox16 (Fig. 5B) .
Transition to flowering in wild-type, edl3-1 T-DNA insertion, and EDL3 over-expresser lines Over-expresser lines exhibited an early flowering phenotype during the propagation of T 1 plants. Therefore, flower induction of wild type, edl3-1, and homozygous overexpresser lines was examined in greater detail under different day-lengths. As expected for a conditional longday plant, Arabidopsis flowered much earlier when the dark phases were shortened (Fig. 6A) . The edl3-1 mutant did not show a significant difference in leaf numbers at flowering under either an 8/16 h or a 12/12 h light/dark cycle. Time to flowering seemed to be shortened in the T-DNA line under long day conditions (16/8 h light/dark cycle), but the difference was subtle and did not extend to more than one leaf. Both over-expresser lines exhibited an early flowering phenotype under all tested day-lengths, even though enhanced EDL3 levels did not completely abolish photoperiodic responses (Fig. 6A) .
Because variations in EDL3 levels can alter ABA signalling, leaf numbers at flowering were examined after hormone application. Plants were grown under a 12/12 h light/dark cycle for 2 weeks before either an ABA solution or water was applied every day at noon for one additional week. Following treatment, plants were kept humid, and the number of leaves at flowering was determined. Wild-type plants flowered earlier with ABA treatment (Fig. 6B) . The ABA effect is significantly reduced in the edl3-1 line, even though the plants still responded to hormone treatment. As mentioned above, both tested over-expressers exhibited an early flowering phenotype without ABA treatment (Fig. 6B) . No further reduction in leaf numbers at flowering was observed for the strong over-expresser EDL3 ox16 upon ABA application, whereas the weaker over-expresser line EDL3 ox6 exhibited a slightly earlier flowering.
EDL3 involvement in the diurnal regulation of CONSTANS transcript accumulation
EDL3 exhibits high sequence similarity to tobacco ZGT, which is thought to function as a coupling agent between the central circadian oscillator and rhythmic expression of CAB genes (Xu and Johnson, 2001) . To analyse the influence of EDL3 on diurnal transcript accumulation Flowering time is presented as the sum of rosette leaves and cauline leaves at the main stem. A minimum of 23 plants from both wild type and edl3-1 were analysed under short-day and long-day conditions, whereas 15 plants were counted for the two EDL3 over-expresser lines. A minimum of 39 plants from each genotype was counted under 12/12 h light/dark cycles. All experiments were repeated at least twice. An asterisk (*) indicates significant difference to the respective wild-type control for each day-length (Kruskal-Wallis One Way Analysis of Variance on Ranks; P <0.001). Bars, SE; L, white light; D, darkness. (B) Flowering time upon ABA treatment. Plants were grown under 12/12 h light/dark cycles. Two-week-old plants were either treated with distilled water or distilled water supplemented with ABA at the middle of the light phase for 1 week. A minimum of 39 plants from each genotype were counted. Experiments were done in triplicate. Bars, SE; *, significant difference compared to the untreated control of the respective genotype; +, significant difference to wild-type treated with 25 lM ABA (Mann-Whitney Rank Sum Test; P <0.001). (C) Diurnal transcript accumulation patterns of different genes in the wild type and EDL3 over-expressing lines. Seedlings were grown under 12/12 h light/dark cycles for 2 weeks. On day 14, samples were taken every 2 h. Transcript levels were determined by semi-quantitative reverse-transcription PCR using identical cDNA samples. ACTIN1 was used as a constitutive control. The gels shown are representative of two experiments with independent RNA isolations. ACT1, ACTIN1; CAB4, CHLO-ROPHYLL-A/B-BINDING PROTEIN 4; CO, CONSTANS; DT, daytime; ox6, EDL3 ox6 over-expresser line; WT, wild type.
patterns, EDL3, CAB4, and CONSTANS (CO) transcripts were followed by semi-quantitative RT-PCR in the wild type and the EDL3 ox6 over-expresser line together with a constitutive ACTIN1 (ACT1) control. CO transcripts were analysed because its protein product functions as a central component in the photoperiodic pathway of flowering induction and becomes strongly regulated by the circadian clock (Suarez-Lopez et al., 2001; Yanovsky and Kay, 2002) .
In contrast to tobacco ZGT, EDL3 did not exhibit a clear diurnal rhythm in transcript accumulation (Fig. 6C) . Furthermore, EDL3 over-expression did not result in an altered transcript accumulation pattern of CAB4 (Fig. 6C) or in a loss of dampening of CAB transcript accumulation after transfer of entrained plants to continuous darkness (see Supplementary Fig. S4 at JXB online). Interestingly, a clear difference in diurnal expression patterns was observed for both splicing variants of the CONSTANS (CO) gene between the wild type and the EDL3 over-expresser. In good accordance to published results, CO transcript accumulation started at daytime (DT) 8 h to 10 h after the onset of light, reached a maximum between DT 16 h and 18 h, and fell below the detection level at DT 24 h in wild-type plants (Fig. 6C ). In the EDL3 over-expresser line, CO transcripts were detectable at nearly all time points. Re-accumulation of CO transcripts started as early as DT 6 h and reached high levels between DT 8 h to DT 22 h. Thus, EDL3 over-expression clearly leads to the accumulation of high CO transcript levels during the light phase of the 12/12 h light/dark cycle.
Interactions between EDL3 and ASK proteins
Sequence comparisons between EID1 and EDL proteins from different plant species revealed that the protein family exhibits the highest degree of similarity at the ELP and F-box domains of EID1 (see Supplementary Fig. S5 at JXB online). Nevertheless, publically available protein analysis tools did not predict an F-box domain in EDL3, even though the carboxy terminal half of the putative EDL3 F-box domain yielded several hits with the Pfam domain signature. To check whether EDL3 is an F-box protein, interactions between EDL3 and ASKs were analysed with our established yeast and in planta interaction assays (Stolpe et al., 2005; Marrocco et al., 2006) . EDL3 was cloned behind a GAL4 binding domain and the resulting vector was introduced into haploid yeast cells. Yeast growth was analysed on LTH -selection media after mating with strains expressing 19 different ASK proteins. Rapid yeast growth was observed with ASK1, ASK2, ASK4, ASK11, and ASK18, and slow growth was seen with ASK5, ASK13, and ASK14. No other combinations allowed yeast colony formation on selective media, similar to empty vector controls (Fig. 7A) .
For in planta Bimolecular Fluorescence Complementation (BiFC) assays, EDL3-YC and different ASK-YN fusion proteins were co-transfected into cells of etiolated mustard seedlings together with a CPRF2-CFP transfection control. Strong YFP signals became visible with ASK1 and ASK2. Weak fluorescence was detected with ASK4, ASK11, and ASK18, whereas all other ASK constructs did not give a signal exceeding the YN background control, as seen in the data for ASK3 ( Fig. 7B ; data not shown). All YFP signals were restricted to the nucleus in a manner similar to the CPRF2-CFP transfection control. This finding is in good agreement with the strict nuclear localization observed for EDL3-YFP fusion proteins in transfected mustard cells (see Supplementary Fig. S6 at JXB online).
Discussion
EDL3 is involved in the regulation of ABA responses
Several lines of evidence clearly indicate that EDL3 plays an important role as a positively acting factor in ABA signalling Three-day-old, dark-grown mustard seedlings were co-transfected by particle bombardment with EDL3-YC and one of 19 different ASK-YN fusion proteins. ASK1-YN was co-transfected with empty YC vector as a control. Images were recorded using YFP-and CFPspecific filter sets. The CFP-specific filter set shows the signal from the CPRF2-CFP transfection control, which is mainly localized in the nucleus of transfected cells. Bar, 40 lm.
in Arabidopsis. First, the EDL3 gene is strongly and rapidly induced upon ABA treatments and by osmotic, salt, and drought stress (Figs 1, 2 ; see Supplementary Fig. S1 at JXB online). The observed EDL3 gene expression is consistent with the proposed function of ABA as an integrator downstream of different exogenous stressors (Zhu, 2002; Shinozaki et al., 2003; Umezawa et al., 2010) . Second, results with YFP fusion proteins and BiFC in transfected mustard seedlings exhibited a strict nuclear localization of EDL3, which makes it very likely that the protein functions in the regulation of gene expression ( Fig. 7 ; see Supplementary Fig.  S6 at JXB online). Third, physiological experiments with over-expresser and T-DNA lines demonstrated that changes in EDL3 transcript levels led to measurable alterations in ABA sensitivity for seed germination, root growth, greening of etiolated seedlings, ABI1 transcript accumulation and induction of flowering (Figs 3, 4, 6 ). Differences observed between the wild type and the edl3-1 mutant were sometimes small compared with results obtained with the two overexpresser lines. This observation is in accordance with transcript accumulation data, which demonstrates that edl3-1 only becomes a knock-down mutant under conditions that induce high EDL3 transcript levels in wild-type plants (Fig.  1) . Finally, tissue-specific expression of promoter-GUS constructs activity is in good agreement with its proposed functions in ABA responses (Fig. 2) . Promoter activity was high in root tips and at leaf vascular bundles that are thought to be involved in the regulation of germination, root growth, and floral transition (Finch-Savage and Leubner-Metzger, 2006; Christmann et al., 2006; Corbesier et al., 2007; Kobayashi and Weigel, 2007; Finkelstein et al., 2008; Turck et al., 2008) .
Inhibition of germination, root growth, and flowering are well known physiological responses that are influenced by ABA (Wijanyanti et al., 1997; Nambara et al., 2000; Finkelstein et al., 2002; Lopez-Molina et al., 2002; Koiwa et al., 2002; Bezerra et al., 2004; Wilmowicz et al., 2008; Pandey et al., 2009) . Several studies also demonstrate that chlorophyll accumulation, ABA signalling, and plastid development are interlaced. Beside its enzymatic activity in chlorophyll synthesis, the Mg-chelatase H subunit is shown to act in plastid-to-nucleus signal transduction and as an ABA receptor (Mochizuki et al., 2001; Shen et al., 2006) . ABI4 (ABA INSENSITIVE 4) has been proposed to function downstream of GENOMES UNCOUPLED (GUN) factors in retrograde signalling pathways to regulate expression of nuclear genes encoding plastid proteins (Koussevitzky et al., 2007) . Results obtained with abi3 further indicate that ABA plays an important role in plastid development and greening in dark-grown Arabidopsis seedlings (Rohde et al., 2000) . Unexpectedly, hormone pretreatment or EDL3 over-expression stimulated chlorophyll accumulation during de-etiolation of dark-grown seedlings (Fig. 3B) , whereas most published studies showed reduced greening of seedlings upon ABA application (Finkelstein et al., 2002; Penfield et al., 2006; Guo et al., 2009; Park et al., 2009) . The discrepancies might be caused by different experimental approaches: In most greening assays, seeds were directly sown on ABA-containing media and seedlings were grown under continuous light for several days. Therefore, this experimental design might mainly detect sensitivity towards the inhibitory effect of ABA on germination and photomorphogenic seedling development. By contrast, our experimental approach tested the influence of the plant hormone during skotomorphogenesis and at early phases of plastid development. EDL3 over-expresser lines resemble the greening after extended darkness 1 (ged1) mutant, which accumulates higher chlorophyll levels after de-etiolation and exhibits increased ABA-sensitivity for inhibition of germination (Choy et al., 2008) .
EDL3 regulates drought stress-induced anthocyanin accumulation
The over-expresser and knock-down lines also exhibited significant differences in drought-stress-induced anthocyanin accumulation (Fig. 5) . The pigment is thought to function as a sunscreen that protects the photosynthetic apparatus against photodamage (Steyn et al., 2002) . Increased levels of the pigment might help to reduce impairment of the photosynthetic apparatus under drought-stress conditions and at high light intensities, two stressors that often occur simultaneously in natural environments. The observed increase in ABA sensitivity in over-expresser lines might help to protect against drought stress and, thus, would reduce stress-induced anthocyanin accumulation. By contrast, reduced sensitivity in edl3-1 would cause an increase in anthocyanin levels similar to Arabidopsis plants grown under conditions of limited water supply.
The observed alterations in EDL3-dependent anthocyanin accumulation fit the results obtained with mutants in the Elongator histone acetyl-transferase complex and ABI3 (ABA-INSENSITIVE 3), an important transcriptional regulator involved in ABA signalling. Mutants in the Elongator histone acetyl-transferase complex exhibited reduced root growth, ABA hypersensitivity, and an increased accumulation of anthocyanin similar to EDL3 over-expresser lines (Zhou et al., 2009) . ABI3 synergistically controls anthocyanin accumulation together with its homologues FUSCA3 and LEC1 (LEAFY COTYLEDON 1) during seed maturation, when they function as negative regulators (Parcy et al., 1997) .
EDL3 might regulate transition to flowering through modulation of CO expression EDL3 shows high similarity to the tobacco ZGT protein.
Tobacco ZGT was proposed to function as a coupling factor between the central oscillator and its dependent genes because of its clear circadian expression and because overexpression of the gene caused a loss of dampening for circadian CAB expression after entrainment and transfer to continuous darkness (Xu and Johnson, 2001) . In contrast to findings in tobacco, the Arabidopsis EDL3 gene exhibited no clear oscillation of transcript levels even under diurnal conditions, and EDL3 over-expression did not lead to a loss of dampening of CAB transcripts after transfer to darkness (see Supplementary Fig. S4 at JXB online) . Therefore, despite the observed sequence similarity, the factors seem to fulfil different functions in the divergent plant species.
Nevertheless, a function of EDL3 in clock-regulated gene expression cannot be fully excluded, because EDL3 overexpression severely affected the diurnal expression pattern of CO, a central component of the photoperiodic pathway in Arabidopsis. In Arabidopsis, a conditional long-day plant, CO protein accumulation takes place during the light phase and becomes stabilized during subsequent darkness, which leads to flower induction (Laubinger et al., 2006; Imaizumi and Kay, 2006; Corbesier et al., 2007; Kobayashi and Weigel, 2007; Turck et al., 2008) . Because CO transcript accumulation in the wild type starts during the late afternoon, coincidence of CO protein accumulation and light is only obtained under long-day conditions. According to our data, EDL3 over-expression results in increased CO transcript levels much earlier in the day and, thus, would lead to a coincidence of CO accumulation and light at shorter day-lengths. Thus, the change in diurnal CO expression might explain the observed early flowering phenotype of EDL3 over-expresser lines. Comparable results were obtained with mutants in repressors of CO that cause enhanced expression throughout the day (Fowler et al., 1999; Suarez-Lopez et al., 2001; Imaizumi et al., 2005; Mizoguchi et al., 2005; Chen and Ni, 2006) . By contrast, flowering is delayed in mutants depressing CO expression (Fowler et al., 1999; Mizoguchi et al., 2005) .
The observed strong EDL3 promoter activity along leaf veins is in agreement with its proposed function in flowering induction and the observed effect on CO expression. Several studies demonstrate that CO has to be expressed along vascular tissues in leaves, where it controls the expression of the FT (flowering locus T), which is thought to function as a signalling mediator between leaves and the apical meristem (Ayre and Turgeon, 2004; Kobayashi and Weigel, 2007; Corbesier et al., 2007; Turck et al., 2008) .
Data about ABA and its effect on flower induction are scarce and sometimes ambiguous (Bezerra et al., 2004; Pandey et al., 2009; Koiwa et al., 2002) . Data with the obligatory short-day plant Pharbitis nil showed that the hormone can either stimulate or inhibit flowering to different degrees, depending on the time of hormone application during and around an inductive dark treatment (Wijanyanti et al., 1997; Wilmowicz et al., 2008) . Fluctuations and ambiguities in ABA-induced flowering can easily be explained if the plant hormone functions by a modulation of CO expression. Because CO expression fluctuates in a clock-dependent manner (Suarez-Lopez et al., 2001; Yanovsky and Kay, 2002) and because the CO protein accumulation requires light (Imaizumi and Kay, 2006; Kobayashi and Weigel, 2007; Corbesier et al., 2007; Turck et al., 2008) , responsiveness toward ABA treatments should also vary during daytime and the duration of light phases. EDL3 might be involved in this regulatory process, because it becomes rapidly induced by ABA and because increased levels of the regulatory factor seem to enhance CO gene expression. The model would also explain the delay of ABA-induced flowering in edl3-1 compared with the wild type, because the mutant accumulates reduced levels of EDL3 which leads to reduced levels of CO only upon treatment with the plant stress hormone.
EDL3 most probably functions as a component of an SCF ubiquitin ligase complex F-box proteins are involved in the regulation of a multitude of biological processes in higher plants. During plant development, F-box proteins are shown to participate in the regulation of floral development, shoot branching, leaf senescence, root branching, and pollen self-incompatibility (Lechner et al., 2006) . Furthermore, F-box proteins function in signalling cascades that regulate light responses, synchronization of the circadian clock, and responses towards different plant hormones, including auxin, jasmonate, ethylene, gibberellins, and ABA (Mockaitis and Estelle, 2008; Zhang et al., 2008; McClellan and Chang, 2008; Fonseca et al., 2009; Schwechheimer and Willige, 2009) .
Because F-box domains exhibit a high variability in their amino acid composition, the presence of the respective domain can only be unequivocally proven by interaction assays with ASKs (Craig and Tyers, 1999; Deshaies, 1999) . EDL3 interacts with a specific subset of ASK proteins in yeast and in planta. The interaction with ASK proteins strongly indicates that EDL3 functions as a component of an SCF ubiquitin ligase complex. EDL3 over-expression leads to reduced sensitivity for all tested ABA responses, whereas the conditional edl3-1 knock-down line very often shows an antagonistic effect compared with the overexpresser lines. These results indicate that EDL3 functions as a positive regulator of ABA signalling. Because EDL3 most probably functions as a positive regulator in ABA signalling and because it carries a functional F-box domain, it is worthwhile speculating that the corresponding SCF EDL3 ubiquitin ligase complex targets negatively acting regulators in the ABA signalling pathway to degradation in the proteasome.
The data indicate that EDL3 negatively regulates ABI1 transcript accumulation. Together with other plant type 2C protein phosphatases (PP2Cs) ABI1 functions as negative regulator in ABA signalling by opposing phosphorylation of positively acting SnRK2 kinases (sugar non-fermenting (SNF1)-related protein kinases). PP2Cs play a central role in ABA signalling, because their activities are regulated by direct interaction with PYR/PYL/RCAR (pyrabactin resistence 1/PYR-like/regulatory component of ABA receptor 1) ABA receptors (Hubbard et al., 2010; Raghavendra et al., 2010; Umezawa et al., 2010) . According to these findings, it might be speculated that altered ABA responses in edl3-1 and the over-expresser lines are caused by altered expression of negatively acting PP2Cs leading to increased ABA sensitivity in the conditional knock-down mutant or reduced hormone sensitivity upon over-expression of EDL3. F-box proteins and different E3 ubiquitin ligases control several aspects of ABA signalling. The F-box protein DOR (drought tolerance repressor) functions as a negative regulator for ABA-induced stomata closure and drought-stress responses in Arabidopsis (Zhang et al., 2008) . DOR is mainly expressed in guard cells and becomes suppressed by ABA treatments. Thus, with respect to many aspects of ABA responses, DOR seems to execute opposite functions compared with EDL3, which functions as a positive regulator of ABA signalling. The ABI3-interacting protein 2 (AIP2) contains a RING motif and targets ABI3 for degradation in the proteasome (Zhang et al., 2005) . Several data indicate that ABI5 abundance seems to be regulated by DWA1 and DWA2 (DDB1 binding WD hypersensitive to ABA1 and 2; Lee et al., 2010) and the RING-type E3 protein KEEP ON GOING (Liu and Stone, 2010) . Results further indicate ABI5 stability is regulated by the ABI5 binding protein AFP (Lopez-Molina et al., 2003) . Thus, EDL3 seems to be only one additional component in a complex network of ubiquitin-dependent protein degradation that regulates ABA signalling.
Conclusions
The EDL3 protein shows a high similarity to EID1, an F-box protein that functions as a negative regulator in phytochrome A-dependent light signalling in Arabidopsis. In order to unravel the functional relevance of EDL3, knock-down and over-expression lines were isolated. Physiological analyses of these lines demonstrated that EDL3 functions as a positive regulator in ABA-dependent signalling cascades regulating germination induction, root growth, greening of etiolated seedlings, and flowering. Ectopic over-expression of EDL3 leads to early flowering under short days. This effect is most probably mediated by an extended diurnal expression peak of CONSTANS, an important component of the photoperiodic pathway in Arabidopsis. The observed physiological responses are in good accordance with the observed EDL3 promoter activity, which is high in root tips and at leaf vascular bundles and becomes strongly induced by ABA, osmotic stress, drought stress and high salinity. Because EDL3 expression is rapidly and strongly increased by ABA and water stress, it is worthwhile to speculate that EDL3-dependent modulation of ABA sensitivity is at least partially regulated on the transcriptional level. EDL3 carries a functional F-box domain and is thus presumed to act as a component of a ubiquitin ligase complex that specifically targets negatively acting regulatory proteins in ABA signalling to degradation in the proteasome.
